Ecogenomics of microbial communities in bioremediation of chlorinated contaminated sites by Maphosa, F. et al.
“fmicb-03-00351” — 2012/9/29 — 19:08 — page 1 — #1
REVIEW ARTICLE
published: 02 October 2012
doi: 10.3389/fmicb.2012.00351
Ecogenomics of microbial communities in bioremediation
of chlorinated contaminated sites
Farai Maphosa1*, Shakti H. Lieten2, Inez Dinkla2, Alfons J. Stams1, Hauke Smidt1 and Donna E. Fennell3
1 Laboratory of Microbiology,Wageningen University, Wageningen, Netherlands
2 Bioclear BV, Groningen, Netherlands
3 Rutgers University, New Brunswick, NJ, USA
Edited by:
Howard Junca, Corporacion
CorpoGen, Colombia
Reviewed by:
Howard Junca, Corporacion
CorpoGen, Colombia
Jiandong Jiang, Nanjing Agricultural
University, China
JiangxinWang, Arizona State
University, USA
*Correspondence:
Farai Maphosa, Laboratory of
Microbiology,Wageningen University,
Wageningen, Netherlands.
e-mail: farai.maphosa@wur.nl
Organohalide compounds such as chloroethenes, chloroethanes, and polychlorinated ben-
zenes are among the most signiﬁcant pollutants in the world. These compounds are
often found in contamination plumes with other pollutants such as solvents, pesticides,
and petroleum derivatives. Microbial bioremediation of contaminated sites, has become
commonplace whereby key processes involved in bioremediation include anaerobic degra-
dation and transformation of these organohalides by organohalide respiring bacteria and
also via hydrolytic, oxygenic, and reductive mechanisms by aerobic bacteria. Microbial
ecogenomics has enabled us to not only study the microbiology involved in these complex
processes but also develop tools to better monitor and assess these sites during biore-
mediation. Microbial ecogenomics have capitalized on recent advances in high-throughput
and -output genomics technologies in combination with microbial physiology studies to
address these complex bioremediation problems at a system level. Advances in environ-
mental metagenomics, transcriptomics, and proteomics have provided insights into key
genes and their regulation in the environment.They have also given us clues into microbial
community structures, dynamics, and functions at contaminated sites. These techniques
have not only aided us in understanding the lifestyles of common organohalide respirers,
for example Dehalococcoides, Dehalobacter, and Desulﬁtobacterium, but also provided
insights into novel and yet uncultured microorganisms found in organohalide respiring con-
sortia. In this paper, we look at how ecogenomic studies have aided us to understand
the microbial structures and functions in response to environmental stimuli such as the
presence of chlorinated pollutants.
Keywords: bioremediation, ecogenomics, transcriptomics, organohalide respiring bacteria, dehalococcoides,
Dehalobacter, chloroethenes, reductive dehalogenase
CHLORINATED SITES AND REMEDIATION CHALLENGES
For more than 100 years, a large variety of halogenated hydro-
carbons have found widespread and massive application in
industry, agriculture, and private households, for example, as
biocides, solvents, degreasers, ﬂame retardants, and in polymer
production. This has resulted in the accidental and deliberate
release of large quantities of these chemicals into the environ-
ment (Stringer and Johnston, 2001). On the other hand, over
4000 different halogenated hydrocarbons can be produced natu-
rally by marine sponges, algae, bacteria, terrestrial plants, fungi,
and insects, in many cases by eukaryote host-associated micro-
bial communities (Gribble, 2003). Whereas in marine environ-
ments, mostly brominated compounds are produced, chlorinated
metabolites dominate in terrestrial systems, however, it should
be noted that in many cases, halogenases and dehalogenases
known to produce/degrade chlorinated compounds are also active
toward brominated equivalents. Bioremediation technology uses
microorganisms to reduce, eliminate, or transform to benign
products such halogenated contaminants present in soils, sedi-
ments, water, or air. Bioremediation technologies are increasingly
being considered or applied for various types of contaminants,
including solvents, explosives, polycyclic aromatic hydrocarbons
(PAHs), polychlorinated biphenyls (PCBs), and polybrominated
diphenyl ethers (PBDEs; Adrian et al., 2000; Futamata et al., 2007;
Hiraishi, 2008; Cheng and He, 2009; Fennell et al., 2011). There
is wide diversity of highly toxic and persistent organohalides in
the environment, and implementation of bioremediation tech-
niques is needed to remove them or render them harmless.
The halogenated hydrocarbons with a high degree of chlorine
substitution are generally more readily biotransformed under
anoxic conditions, but are often recalcitrant to aerobic degrada-
tion (Wohlfarth and Diekert, 1997). Contaminated sites such as
aquatic sediments, submerged soils, and groundwater are oxy-
gen depleted, therefore anaerobic bacteria that are capable of
organohalide respiration have been of great importance as can-
didates for bioremediation (van Eekert and Schraa, 2001; Smidt
and de Vos, 2004; Fennell et al., 2011). Organohalide respira-
tion is the use of halogenated compounds as terminal electron
acceptors in anaerobic respiration, and is a key process for their
dehalogenation in the anoxic subsurface (Smidt and de Vos,
2004; Futagami et al., 2008; Maphosa et al., 2010b). As more
compounds are added to this list of organohalide pollutants
that must be removed from soils, sediments, and groundwa-
ter systems, the role of ecogenomics in the elucidation of key
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microorganisms and consortia involved in organohalide respira-
tion remains crucial. Finding suitable clean-up techniques for this
growing range of compounds remains challenging but the more
we can know about an ecosystem’s microbial potential for dehalo-
genation the better we can design treatment strategies and follow
the processes.
TAPPING INTO THE UNEXPLORED RESOURCES OF THE
MICROBIAL HALOGEN CYCLE
Fortunately the microbial world is characterized by a vast
and largely unexplored phylogenetic and functional diversity.
Microbes are not only key to global biogeochemical cycles,
including that of halogens, but also essential for the clean-up
of polluted environments. Research over the past decade has
provided considerable knowledge on a broad variety of halo-
genating enzyme activities, including, but not restricted to,
haloperoxidases and ﬂavin-dependent halogenases (van Pee et al.,
2006). High-throughput screening for halogenase and dehalo-
genase activity, however, is still problematic since detection of
halogenated metabolites often requires analytical chemistry solu-
tions that are in most cases not amenable to high-throughput
techniques. Additionally, the exploration of enzyme activities
of reductive dehalogenases from organohalide respiring bacteria
that are pivotal for the efﬁcient clean-up of polluted subsurface
environments remains challenging, because the corresponding
organisms are often recalcitrant to cultivation and are restricted
to anoxic environments (Smidt and de Vos, 2004). However,
the emergence of ecogenomics techniques has enabled progress
in addressing these challenges and has opened up the micro-
bial “blackbox” at contaminated sites (Maphosa et al., 2010b).
Recently, next generation sequencing has made it possible and
ﬁnancially feasible to study the metagenome of complex envi-
ronmental samples harboring microbial consortia. This has not
only yielded information on biodiversity, but also on putative
meta-functionality of consortia present in environmental sam-
ples. To expedite the complete remediation of sites contaminated
with organohalides such as chlorinated ethenes, further under-
standing of the physiology, biochemistry, phylogeny, and ecol-
ogy of organohalide respiring consortia is warranted. Although
laboratory studies give clues to in situ situations, often what
happens in the ﬁeld is different from what is observed in con-
trolled experiments. Ecogenomics has aided in closing this gap
and providing insights into the in situ microbial structures and
functioning thus enhancing the ﬁeld applications of bioremedi-
ation technologies. The ability to characterize large numbers of
microorganisms from the environment, by combining phyloge-
netic, genomic, and biochemical analyses is crucial to developing
bioremediation strategies at sites. Sadly there are gross limita-
tions in our ability to survey microbial composition and function
due to relatively poor capacity for growth of most microor-
ganisms under ex situ conditions, even when using the most
sophisticated resources available for culturing (Ingham et al.,
2007). In order to circumvent this problem, the ecogenomics
toolbox, a suite of approaches and techniques, has been devel-
oped to study communities through the analysis of their genetic
material without culturing individual organisms (Handelsman,
2004; Guazzaroni et al., 2010; Maphosa et al., 2010b). The toolbox
includes techniques such as quantitative polymerase chain reaction
(PCR), ﬂuorescent in situ hybridization, enzyme activity proﬁles,
compound-speciﬁc isotope analysis, transcriptomics, proteomics
andmore recently high-throughput sequencing of (meta)genomic
DNA or PCR ampliﬁed DNA from environmental samples. These
tools have been used in various combinations to provide more
holistic insights of microbial processes involved in organohalide
degradation. This review looks at the role played by microbial
ecogenomics technologies, mainly focusing on metagenomics,
transcriptomics, and proteomics, to study and follow microbial
community structures and functions at sites contaminated with
chlorinated compounds and discusses how these ﬁndings have
continued to inﬂuence the development of the monitoring tool-
box and other technologies needed for polluted site clean-up
(Figure 1).
GAINING GLOBAL INSIGHTS ON DECHLORINATING
COMMUNITIES USING METAGENOMICS
Metagenomics applications have been instrumental in providing
a broad view of the genetic composition of a microbial com-
munity, including information about the identity and potential
metabolic capabilities of community members. Metagenomic
approaches have been used to study microbial communities asso-
ciated with a wide variety of environments, for example, the
termite gut, the human intestinal tract, wastewater treatment
bioreactors, and acid mine drainages (Tyson et al., 2004; Gill et al.,
2006; Warnecke et al., 2007; Sanapareddy et al., 2009). Having
an appropriate community structure is currently understood to
play a critical role in the success or failure of achieving complete
dehalogenation in bioremediation systems. So far considerable
study has taken place regarding the diversity of organohalide
respiring bacteria and their metabolic repertoires, including the
ﬂow of energy within anaerobic communities to the microor-
ganisms capable of rapidly producing ethene from chlorinated
ethenes as probably the most widespread organohalide contam-
inants (Yang and McCarty, 1998; Becker et al., 2005; Heimann
et al., 2006; Daprato et al., 2007). Microbial communities nec-
essary for bioremediation purposes most often rely on intricate
multispecies interactive networks. Organohalide respiring bac-
teria have been found to thrive in consortia, but have proven
difﬁcult to obtain in pure culture, reinforcing the need to char-
acterize these mixed communities by cultivation-independent
approaches such as metagenome sequencing. Metagenomic data
can provide insights into the consortia members that support
dechlorination activities (Maphosa et al., 2010b; Ding and He,
2012; Waller et al., 2012). Presently, metagenomes of deﬁned
mixed cultures and complex site-speciﬁc microbial communi-
ties are currently being unraveled, allowing determination of
metabolic and sensory interactions within consortia. Several com-
mercial dechlorinating bioreactor communities are commonly
used for bioaugmentation in bioremediation systems, and their
metagenomes will allow for modeling and optimization of their
growth conditions at speciﬁc sites, for example, through supplying
limiting nutrients and/or adjusting other environmental operating
parameters.
Sometimes the individual members of the microbial commu-
nity may not be easily cultured as pure strains or if cultured may
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FIGURE 1 | Overview of the microbial ecogenomics toolbox-highlighting
key some results and developments gained or obtained by techniques.
DGGE, denaturing gradient gel electrophoresis; T-RFLP, terminal restriction
fragment length polymorphism; SSCP, single strand conformation
polymorphism; RISA, ribosomal intergenic spacer analysis; SIP,
stable isotope probing; ARDRA, ampliﬁed ribosomal DNA
restriction analysis; RAPD, randomly ampliﬁed polymorphic
DNA analysis.
not exhibit certain functions in isolation, limiting the possibil-
ity to study them individually. Taking a metagenomic approach,
whereby the whole microbial community is sequenced and then
partial individual genomes are teased out could help circum-
vent the above mentioned challenges. An example is metagenome
sequencing of a deﬁned beta-hexachlorocyclohexane dehalo-
genating Dehalobacter–Sedimentibacter coculture (Maphosa et al.,
2012). The Dehalobacter sp. cannot be cultivated in pure cul-
ture and needs the Sedimentibacter sp. to maintain its ability to
dechlorinate (van Doesburg et al., 2005). The draft genomes of the
Dehalobacter and Sedimentibacter strains (Maphosa et al., 2012)
allowed insight into the partnership dedicated to organohalide
respiration, and provide an opportunity to investigate comple-
mentary gene expression to elucidate the mechanistic basis of
the syntrophy between these two bacteria. The metagenome
revealed that Dehalobacter has a greater number of reduc-
tive dehalogenases than initially anticipated. This is interest-
ing for future exploitation of these dehalogenators since more
strains and species of Dehalobacter are now being described
that reductively dechlorinate other compounds such as chloro-
form and chloro- ethanes and methanes and other halogenated
compounds (Grostern et al., 2009; Grostern and Edwards, 2009;
Yoshida et al., 2009; Nelson et al., 2011). The presence of mul-
tiple sets of dehalogenase-encoding genes suggests that the
substrate range of the Dehalobacter may be far greater than previ-
ously believed. Sedimentibacter plays a supporting function for
organohalide respiration, and access to this genome sequence
shows its potential role in providing, for example, cofactors for
Dehalobacter.
Until recently research mainly focused on elucidating the
identity and catabolic capacity of the dechlorinating bacteria
in mixed communities. However, since recently more emphasis
is being given to understanding the variations of fermentative
and other supporting community members and their effects on
dechlorination activity (Freeborn et al., 2005; Daprato et al., 2007;
Lee et al., 2011). In these complex systems the organohalide
respiring members may make up only a small percentage of the
total microbial community. Thus, it is important to understand
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the structure and function of the rest of the microbial com-
munity and what impact they might have on bioremediation
processes. Using molecular ﬁngerprinting techniques such as
DGGE, and TRFLP proﬁling of PCR-ampliﬁed 16S ribosomal
RNA gene fragments to study anaerobic dechlorinating com-
munities showed that while complete dechlorination of PCE-
to-ethene occurred in different microcosms, the dechlorinating
populations were similar, but not identical and used different fer-
mentation pathways, with or without methanogenesis (Daprato
et al., 2007). Gaining an understanding of the total commu-
nity and its interaction can help to answer such questions as
to why there is delayed ethene production often observed at
ﬁeld sites although the appropriate Dehalococcoides organisms
are present (Daprato et al., 2007). Metagenomics in combina-
tion with (meta)transcriptomics and proteomic approaches, the
latter of which focusing on actual microbial activity at a given
sampling point in time and space, will be able to address these
issues.
An example has been the recent metagenome sequencing of
the anaerobic microbial consortium enriched from contaminated
sediments taken from Alameda Naval Air Station (ANAS) in Cal-
ifornia that dechlorinates TCE to ethene (Richardson et al., 2002;
Freeborn et al., 2005; Holmes et al., 2006). Through metagenome
data the speciﬁc Dehalococcoides DNA sequences and those of
the other ANAS community members were identiﬁed and exam-
ined. Elucidation of the community structure was obtained
showing that phylogenetic composition of ANAS described by
metagenomic sequencing generally conﬁrmed the composition
described by previous 16S rRNA gene clone library and phy-
logenetic microarray studies (Brisson et al., 2012). Beyond the
two populations of Dehalococcoides, the authors also identiﬁed
low G + C Gram-positives (mostly Clostridium and Eubac-
terium sp.), Bacteroides sp., Citrobacter sp., and δ-Proteobacteria
(mostly Desulfovibrio sp.; Richardson et al., 2002; Freeborn et al.,
2005). The metagenome sequence data showed variations in
the relative abundances of some taxa and possible variability
in the methanogen population when compared to what had
been shown by the other molecular tools (Brisson et al., 2012).
Metagenomic analysis has provided some insight into the func-
tions and interactions of different community members in the
context of overall TCE dechlorination activity. Firstly, Dehalo-
coccoides appear to be the dominant reductive dechlorinators in
ANAS. The reductive dehalogenase genes identiﬁed were all most
closely related with those found in genomes of different strains
of Dehalococcoides mccartyi (formerly Dehalococcoides spp.; Lof-
ﬂer et al., 2012). Secondly, abundant hydrogenase genes were
found highlighting the importance of hydrogen metabolism in
this community. The phylogeny of the ANAS community suggests
there are developed working syntrophic relationships, between
the different hydrogen producers (fermenters, homoacetogens)
and consumers (reductive dechlorinators and methanogens).
Despite known differences in thermodynamic requirements and
hydrogen thresholds for the dechlorinators and methanogens
(Fennell and Gossett, 1998; Löfﬂer et al., 1999), stable long-
term dechlorination activity was still achieved in this consortium
containing competitive hydrogen consumers. Thirdly, impor-
tant insight was gained regarding the genes related to synthesis
of cobalamin, an important cofactor for reductive dechlorina-
tion. These genes were present in several community members,
including Dehalococcoides, suggesting a unique adaptation of
the ANAS strains to reductive dechlorination, but also suggest-
ing that the non-Dehalococcoides community members likely
have additional important roles beyond cobalamin biosynthesis
(Brisson et al., 2012). Understanding the interactions within this
community could enable manipulation of the various site condi-
tions toward better optimization of the use of such consortia in
bioremediation.
Stillmoremetagenome sequencing projects are currently ongo-
ing and should give a wealth of information for optimizing micro-
bial function for bioremediation of organohalide-contaminated
sites. Sequencing these metagenomes will not only provide more
information on how the microbial community performs the
dechlorination process, but could also aid in identifying other
potential contaminants that thesemicrobes can break down. Addi-
tionally, the information will allow researchers to do comparative
analyses between organohalide respiring bacteria such as Dehalo-
coccoides, Dehalobacter, and Desulﬁtobacterium but also different
dechlorinating consortia to better understand these microbes,
their particular metabolic processes and interactions in consor-
tia. Metagenomics allows us to study the context of microbial
community dynamics and interrelationships, including nutrient
exchange and/or supply between different phylotypes in addition
to the roles of speciﬁc organohalide respiring bacteria involved
in breaking down chlorinated pollutants. Additionally, some of
the microbial community members involved with organohalide
respiring bacteria such as hydrogen producers and methanogens
are of interest to sequence as they can give information useful for
other purposes such as bioenergy production. Further, produc-
tion of excessive methane in aquifers may be undesirable from
a safety perspective. Thus, understanding methanogenic activity
during bioremediation when an electron donor must be added
to stimulate organohalide respiration is critical. Thus, a broader
understanding of the microbial community may aid biotech-
nological manipulation to lessen energy demands and costs in
bioremediation setups.
HIGH-THROUGHPUT PROFILING OF COMMUNITY
STRUCTURES AND FUNCTION
High-density phylogenetic microarrays, mostly targeting 16S
rRNA genes (Zhou, 2003; Bodrossy and Sessitsch, 2004; DeSantis
et al., 2007) can provide insights into the in situ microbial ecology
and population dynamics at contaminated ﬁeld sites undergoing
bioremediation. They can be used to study changes in dechlo-
rinating communities. For example, the PhyloChip was applied
to track bacterial and archaeal communities through different
phases of remediation at Ft. Lewis, WA, a trichloroethene (TCE)-
contaminated groundwater site (Lee et al., 2012b). The analysis
revealed that the bacterial communities were constantly changing
during the course of the study. Additionally, the archaeal com-
munity showed signiﬁcant increases in methanogens at the later
stages of treatment that correlated with increases in methane con-
centrations of over two orders of magnitude (Lee et al., 2012b).
Information about such changes can be crucial for maintenance
of dechlorination activities at sites. The diversity captured by
Frontiers in Microbiology | Microbiotechnology, Ecotoxicology and Bioremediation October 2012 | Volume 3 | Article 351 | 4
“fmicb-03-00351” — 2012/9/29 — 19:08 — page 5 — #5
Maphosa et al. Ecogenomics in contaminated site bioremediation
the PhyloChip is also more comprehensive than reported for 16S
rRNA clone libraries (Bowman et al., 2006; Lee et al., 2012b), and
can therefore be an effective way also to monitor the changes in
abundant bacterial phyla that can inﬂuence the activity of the
dechlorinators. Continued use of these chips will also lead to
new clues for phyla or subfamilies that may need further inves-
tigation based on observed associations within dechlorinating
communities.
In another study using carbon isotope fractionation changes
to analyze degradation within a plume it was found that the
δ13C of the CH4 increased from −56‰ in the source area
to −13‰ with distance from the injection well, whereas the δ13C
of dissolved inorganic carbon decreased from 8‰ to −13‰.
These changes were indicative of changes in microbial activities
shifting from methanogenesis to methane oxidation. This was
conﬁrmed by PhyloChip microarray analyses of 16S rRNA genes
obtained from the groundwater microbial communities. There
were decreasing abundances of reductive dechlorinating microor-
ganisms such as Dehalococcoides and increasing CH4-oxidizing
microorganisms capable of aerobic co-metabolism of TCE such
as Methylosinus trichosporium along the plume axis (Conrad et al.,
2010). Follow-up microcosm studies showed that electron donor
amendment designed to stimulate reductive dechlorination of
TCE may also stimulate co-metabolism of TCE (Conrad et al.,
2010). However, it should be noted that in most applications the
PhyloChip is used to detect 16S rRNA gene fragments ampliﬁed
from the samples and hence like all DNA-based analyses only
indicates that the organisms were present in the groundwater
but not necessarily active at the time of sampling. It is possi-
ble that microbes transported from up-gradient sites or from
mixing of groundwater from different depths within the wells
will be detected, leading to mixing of microbes from zones of
different activity. Nevertheless, useful information is obtained
along different monitoring gradients (such as depth, distance, and
time) providing indication to microbial structures and potential
functionalities.
Pyrosequencing of PCR-ampliﬁed 16S rRNA genes has
improved the resolution high-throughput proﬁling of microbial
community analysis. For example, pyrosequencing of bioﬁlm
communities impacted by mixtures of chlorinated solvents (TCE,
trichloroethane, and chloroform), revealed signiﬁcant microbial
community shifts related to the input of the chlorinated solvents
and the onset of sulfate reduction (Zhang et al., 2010). Input to the
bioﬁlm of a mixture of three chlorinated solvents coincided with
the onset of sulfate reduction and led to amore diverse community
that included sulfate-reducingbacteria (Desulfovibrio) andnitrate-
reducing bacteria (Geothrix and Pseudomonas). Interestingly, the
relative abundance of Dehalococcoides increased in response to the
addition of a low concentration of TCE as a single chlorinated sol-
vent, but decreased when a mixture of chlorinated solvents was fed
to the bioﬁlm (Zhang et al., 2010). Such information can be cru-
cial for developing bioremediation processes at sites with mixed
chlorinated contaminants.
Recently, pyrosequencing of bacterial 16S rRNA genes in
combination with 16S rRNA gene-targeted qPCR was done for
microcosms developed from tidal ﬂat samples (Lee et al., 2011).
The results suggest that tidal ﬂats harbor novel, salt-tolerant
dechlorinating populations, and that pyrosequencing provided
more detailed insight into community structure dynamics of
the dechlorinating microcosms than conventional 16S rRNA
gene sequencing or ﬁngerprinting methods. Speciﬁcally, Desul-
furomonas michiganensis-like populations predominated in the
TCE and cis-DCEproducingmicrocosms andDehalococcoides spp.
populations were not detected in these sediments before or after
incubation with PCE. Community structures also appeared to be
dependent on the depth from which sediments were obtained,
having Desulfuromonas thiophila and Pelobacter acidigallici-like
populations in the surface sediment microcosms, and Desulfovib-
rio dechloracetivorans and Fusibacter paucivorans-like populations
in the deeper sediment microcosms (Lee et al., 2011). An under-
standing of microbial community changes along certain gradients
can be crucial for engineering bioremediation interventions. Addi-
tionally, comparison of the pyrosequencing data to clone library
analysis showed that the community structures were very similar
suggesting the validity of pyrosequencing method and its robust-
ness for bacterial community analysis. Secondly, the expected
advantage of high output next generation sequencing approaches
such as pyrosequencing towards the detection of rare populations
not detected by Sanger sequencing was shown (Zhang et al., 2010;
Lee et al., 2011; Shokralla et al., 2012).
To get insight into microbial processes at contaminated sites,
the GeoChip can be applied (He et al., 2007, 2010). It targets func-
tional genes for microbially mediated biogeochemical processes,
such as C, N, and S cycling, P utilization, organic contami-
nant degradation, and metal resistance and reduction. Numerous
studies have demonstrated that the GeoChip is a powerful tool
and holds great promise for addressing fundamental questions
relevant to global climate change, bioremediation, bioenergy, agri-
cultural operations, land use, ecosystem restoration, and human
health, and for linking microbial structure to geochemical pro-
cesses and ecosystem functioning (He et al., 2011). The GeoChip
has also been used for identiﬁcation of key functional genes
in different organohalide respiring consortia, along with other
geochemically important bacterial processes (Tas et al., 2009).
Amended with probes targeting 153 reductive dehalogenase genes,
the GeoChip 2.0 was used to analyze microbial communities from
two pesticide-impacted European rivers, the Ebro in Spain and
the Elbe in Germany. It was shown that there were spatial and
temporal ﬂuctuations in the abundance of Dehalococcoides spp.,
composition of other organohalide respiring bacteria popula-
tions, as well as the reductive dehalogenase gene diversity. For
example, samples from locations which had high hexachloroben-
zene concentrations, were dominated by reductive dehalogenase
genes of Dehalococcoides mccartyi CBDB1 and D. mccartyi 195,
while samples taken from a location with a broader range of
contaminants had a wide spectrum of reductive dehalogenase
genes including those from various other organohalide respir-
ing bacteria (Tas¸, 2009). This analysis provided insight into the
natural occurrence and dynamics of active Dehalococcoides popu-
lations in the pesticide-contaminated river basins. Additionally,
the impact of the C/N ratio, depth, total N, and location as
drivers for determining the ecosystem structure and function at
these sites was observed (Tas¸, 2009). Geochips have also been
used to study sites contaminated with PAH s (Zhang et al., 2012)
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and polychlorinated benzenes (Leigh et al., 2007). The ﬁnd-
ings from these studies improve our understanding of pollutant
degradation and carbon ﬂow in soil and rhizospheres, and may
beneﬁt bio- and (phyto-) remediation research by facilitating
the development of molecular tools to speciﬁcally detect, quan-
tify and monitor populations and genes involved in degradative
processes.
LINKING SPECIFIC GENE EXPRESSION TO ORGANOHALIDE
POLLUTANTS/STRESS
The ecogenomics toolbox has been used for proﬁling the func-
tional gene expression and corresponding proteins known to be
involved in organohalide respiration and also for understanding
the overall responses of these organohalide respiring bacteria to
other anthropogenic impacts such as nutrient availability, toxic
organic compounds, and presence of heavymetals. Understanding
the active functions of the microbial community aids the devel-
opment and monitoring bioremediation of chlorinated sites by
providing identiﬁcation of microbial indicators for chlorinated
compound degradation and general ecosystem health.
The application of microarrays to query the genomes of pure
and mixed cultures has provided an in-depth understanding of
putative gene functions not only of targeted organisms, for which
the array was designed, but also of related but non-sequenced
strains. Microarray technology has successfully been applied in
recent years in comparative genomic analyses of related strains
of bacteria in a variety of genera (Poly et al., 2004; Witney et al.,
2005; Cooke et al., 2008; Boesten et al., 2009; Klaassens et al., 2009),
including Dehalococcoides (West et al., 2008; Lee et al., 2012a) and
Desulﬁtobacterium (Kim et al., 2012; Peng et al., 2012).
A whole genome array was used to further understand the
physiology of Desulﬁtobacterium hafniense Y51, in order to opti-
mize its use as a bioremediation agent at PCE-contaminated sites,
and also improve on the designing of bioarray sensors to moni-
tor the presence of dechlorinating organisms in the environment.
Genome content and parallel physiological studies and transcrip-
tomics analysis support the cell’s ability to ﬁx N2 and CO2, form
spores and bioﬁlms, reduce metals, and use a variety of electron
acceptors in respiration, including a wide range of organohalides
(Peng et al., 2012). Global transcriptome analyses were performed
using various electron donor and acceptor couples (respectively,
pyruvate and either fumarate, TCE, nitrate, or DMSO, and vanil-
late/fumarate), that are known to sustain growth of strain Y51
(Peng et al., 2012). Transcriptomic data provided an initial view
of the very complex physiology of strain Y51, given its ability
to survive in various environmental conditions with or without
PCE. During degradation of TCE as terminal electron acceptor, a
series of electron carriers comprising a cytochrome bd-type quinol
oxidase, a ferredoxin and four Fe–S proteins are up-regulated,
suggesting that the products of these genes are involved in PCE
oxidoreduction (Peng et al., 2012). Knowledge of the electron
ﬂow within this, and other organohalide respiring bacteria, is
important for determining biostimulation substrates.
Microarray studies involving a Dehalococcoides whole genome
array have been used tomonitor dynamic changes in the transcrip-
tome of Dehalococcoides mccartyi strain 195 (former Dehalococ-
coides ethenogenes strain 195) along a timeline from exponential
to stationary phase in an effort to understand factors that limit
the growth of this slow-growing isolate (Johnson et al., 2008).
It was found that strain 195 can uncouple dechlorination from
net growth, an important clue for optimizing use of this bacteria
in bioremediation. A large number of genes located within inte-
grated elements including a putative prophage and a multicopy
transposon were up-regulated alongside genes involved in general
stress response, transcription, and signal transduction while genes
involved with translation and energy metabolism were down-
regulated. Surprisingly and warranting further investigation was
the high up-regulation of four putative reductive dehaloge-
nases during this transition from exponential to stationary phase
(Johnson et al., 2008).
The responseofDehalococcoides todifferent concentrations and
forms of corrinoid cofactors has been studied with this microar-
ray showing that strain 195 adjusts its metabolism according to
the corrinoid forms available for uptake (Johnson et al., 2009).
Although corrinoids are essential for dehalogenation activity,
strain 195 cannot biosynthesize corrinoids de novo and there-
fore it is crucial to understand how this microorganism obtains
these necessary cofactors. A pangenome model of Dehalococ-
coides suggested that evolution of Dehalococcoides species is driven
by the electron acceptor availability (Ahsanul Islam et al., 2010).
While the synthesis pathway is incomplete in Dehalococcoides
the pangenome model suggests that Dehalococcoides might have
evolved syntrophically with cobalamin secreters and never faced
signiﬁcant evolutionarypressure to acquire ormaintain a complete
cobalamin synthesis pathway in their genomes (Ahsanul Islam
et al., 2010). Furthermore, the Dehalococcoides mccartyi strain
195 microarray has been used to monitor the effects of nitrogen
status on Dehalococcoides spp. The study identiﬁed a number of
genes that could potentially be used as biomarkers including the
nif operon, ammonium transporter, PII nitrogen regulatory pro-
tein, and methylglyoxal synthase genes and a number of general
stress response genes (Lee et al., 2012a). Understanding nitrogen
status can help guide ﬁeld scale manipulations such as addition of
ammonium supplements to improve bioremediation. Addition-
ally, using the Dehalococcoides mccartyi 195 microarray provided
insight into Dehalococcoides mccartyi strain MB’s complex nutri-
ent requirements and its restricted metabolism to organohalide
respiration (Tang et al., 2009b).
Application of this array has also been used to distinguish
between Dehalococcoides subgroups in mixed cultures (West et al.,
2008). The ability to distinguish between strains from site samples
is important for inference of potential functions for dechlori-
nation. Often multiple reductive dehalogenases contributed by
different dechlorinating strains are needed for complete dechlo-
rination of chlorinated compounds. The characterized strains of
Dehalococcoides differ in their usage of organohalides, depend-
ing on the repertoire of speciﬁc reductive dehalogenases they
carry (Löfﬂer and Edwards, 2006). As such, useful biomarkers
for ﬁeld diagnostic purposes for bioremediation of sites contam-
inated with chlorinated ethenes currently include four reductive
dehalogenase encoding genes which have experimentally deter-
mined dechlorination functions (pceA, tceA, vcrA, and bvcA;
Magnuson et al., 1998; Magnuson et al., 2000; Krajmalnik-Brown
et al., 2004; Müller et al., 2004). Integration of the microarray
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results with the physiology of the cultures demonstrated that
strains that are phylogenetically related on the genome level
can be physiologically incongruent, suggesting that the dechlo-
rination functions of Dehalococcoides cultures are independent
of phylogenetic afﬁliation but are dictated by a small num-
ber of reductive dehalogenase-encoding genes (Lee et al., 2012b).
Knowing which strains are present and the speciﬁc genes they
carry is important in decision making for biostimulation or
bioaugmentation at sites. For example, lack of reductive dehalo-
genases targeting a speciﬁc compound could suggest the need for
bioaugmentation.
Transcriptomic and proteomic approaches have provided
insights into the metabolism of organisms that cannot be grown
in amounts sufﬁcient to perform many standard biochemical
analyses such as enzyme puriﬁcation and activity measurements
(Morris et al., 2006). Transcriptomic and proteomic approaches
can be used to study the molecular responses of organohalide
respiring bacteria to different conditions enabling the develop-
ment of conceptual models to describe interactions between
different cellular components and the environment. Organohalide
respiring bacteria thrive within consortia that contain other
anaerobes, such as Desulfovibrio, Eubacterium, Acetobacterium,
Citrobacter, Spirochetes, and Clostridium, which are able to fer-
ment organic substrates into hydrogen and acetate (Richardson
et al., 2002; Duhamel and Edwards, 2006; Lee et al., 2006; Fennell
et al., 2011).
For direct experimental measurement of the speciﬁc effects
of associated bacteria on the growth, activity and gene expres-
sion of Dehalococcoides, co- and tri-cultures of Dehalococcoides
mccartyi strain 195 with Desulfovibrio vulgaris Hildenborough
and Methanobacterium congolense were studied using a com-
bination of transcriptomics and proteomics (Men et al., 2012).
The transcriptome and proteome of Dehalococcoides 195 grown
in the co-culture showed signiﬁcant differences in gene expres-
sions and protein proﬁles compared with Dehalococcoides 195
grown in isolation. No signiﬁcant transcriptomic and pro-
teomic differences were observed between co- and tri- cultures
(Men et al., 2012). Close analysis of the physiological, transcrip-
tomic, and proteomic results indicate that the robust growth
of Dehalococcoides 195 in co- and tri-cultures occurs because
of the advantages associated with the capabilities of Desulfovib-
rio vulgaris to ferment lactate providing H2 and acetate for
growth, along with potential beneﬁts from proton transloca-
tion, cobalamin-salvaging and amino acid biosynthesis, whereas
Methanobacterium congolense in the tri-culture provided no sig-
niﬁcant additional beneﬁts beyond those of Desulfovibrio vulgaris
(Men et al., 2012). Such an approach shows that Dehalococ-
coides can be sustained for dechlorination when appropriate
syntrophic partners are present. Studies in a consortium having
multiple Dehalococcoides have also shown that methanogens and
sulfate-reducing bacteria can play a signiﬁcant role in dechlori-
nation by Dehalococcoides (Futagami et al., 2011). Similarly, also
Dehalobacter sp. E1 was found to be only able to dechlorinate
when grown together with a Sedimentibacter sp. (van Doesburg
et al., 2005).
Proteomics has been useful in identifying reductive dehalo-
genases involved in utilization of additional substrates by, for
example, Dehalococcoides. This has provided useful insights into
reductive dehalogenase functions and their potential activities
at contaminated sites. It was demonstrated that peptides from
functional enzymes responsible for determining phenotypes may
be used as biomarkers to differentiate closely related strains of
bacteria found within the same consortia. Whereas housekeeping
genes of different strains of Dehalococcoides mccartyi share more
than 85% similarity at the amino acid level, different strains are
capable of dehalogenating diverse ranges of compounds, depend-
ing on the reductive dehalogenase genes that each strain harbors
and expresses (Morris et al., 2007). For example, analysis of three
reductive dehalogenases, in PCE-grown cells of Dehalococcoides
mccartyi strain 195, PceA and TceA were detected with high pep-
tide coverage but not the DET0162 gene product. Cells grown
on 2,3-dichlorophenol produced PceA with high coverage but not
TceA, DET0162, or any other potential reductive dehalogenase
encoded by the genome (Fung et al., 2007). Indications from pro-
teomic studies in Dehalococcoides suggests that probably only low
levels of reductive dehalogenases and many of the other oxidore-
ductases are needed to support the slow growth rates required
to maintain populations in reactors (Morris et al., 2006). Such
information is critical for determining which genes to target in
monitoring the microbial potential and activity at contaminated
sites with different chlorinated compounds.
FROM PANGENUS TO PANGENOME AND
METAGENOME ARRAYS
Sequencing and annotation of the genomes of ﬁve Dehalococ-
coides mccartyi strains (195, CBDB1, BAV1, VS, and GT) have
established a reference for the genomic characteristics of this
genus (McMurdie et al., 2009; Ahsanul Islam et al., 2010). Using
sequences from four of these Dehalococcoides mccartyi genomes
(195, CBDB1, BAV1, VS) a pangenus microarray using unique
probe sets to target all identiﬁed genes was designed, constructed
and used for comparative genomic analysis of isolates from the
ANAS enrichment culture (Lee et al., 2012b). This pangenus array
is well suited for the four Dehalococcoides genomes it represents
and provides useful information for unsequenced Dehalococcoides
genomes exhibiting a high sequence similarity to the genomes
used for the design (Hug et al., 2011). Similar pangenus microar-
rays can be expected for Desulﬁtobacterium spp. and Geobacter
spp. with the increasing availability of whole genome sequences.
To this end, it is interesting to note that currently nine additional
genomes of Desulﬁtobacterium spp., as well as those of three iso-
lates and co-cultures of Dehalobacter spp., are being analyzed in
the framework of the JGI community sequencing program (Kruse,
unpublished data).
Since Dehalococcoides strains present within a community
may have differing dechlorination abilities it is often neces-
sary to identify and distinguish between them. To this end, a
pangenome oligonucleotide microarray was designed based on
clustered Dehalococcoides genes from ﬁve different sources – strain
195, CBDB1, BAV1, and VS genomes and the KB-1 metagenome
(Hug et al., 2011). This pangenome probe set provides cover-
age of core Dehalococcoides genes as well as strain-speciﬁc genes
while optimizing the potential for hybridization to closely related,
previously unknown Dehalococcoides strains. It was also shown
www.frontiersin.org October 2012 | Volume 3 | Article 351 | 7
“fmicb-03-00351” — 2012/9/29 — 19:08 — page 8 — #8
Maphosa et al. Ecogenomics in contaminated site bioremediation
that the probe design was robust to cross-hybridization from
environmental bacteria such as Dehalogenimonas spp. that are
closely related to Dehalococcoides spp. Newly available Dehalo-
coccoides genes from the KB-1 consortium were used to conﬁrm
the applicability of this probe set and microarray for univer-
sal detection of Dehalococcoides. In silico comparisons to the
Dehalococcoides strain GT genome indicated that the pangenome
probe set detects a larger proportion of a novel Dehalococ-
coides strain’s genes than those from the strain-speciﬁc or pan-
genus arrays (Hug et al., 2011). Detection and identiﬁcation of
Dehalococcoides at contaminated sites and pristine sites where
organohalide respiring bacteria organisms have not yet been
exposed to contamination can be done using this pangenome
array. The pangenome array has the potential to become a
common platform for Dehalococcoides-focused research, allowing
meaningful comparisons betweenmicroarray experiments regard-
less of the strain examined, thereby enabling detailed detection
and characterization of even unknown Dehalococcoides popula-
tion structures and metabolic functions from contaminated sites
(Hug et al., 2011).
Although a large fraction of dechlorinating microbial consortia
is still yet uncultured it is still desirable to study their involvement
in bioremediation using microarrays in order to take advantage of
the high sensitivity and speciﬁcity of microarray technology. As
a way to overcome the challenges of studying these uncultivated
bacterial genomes, multiple displacement ampliﬁcation method
can be used to directly amplify the genomes from single cells
(Raghunathan et al., 2005; Lasken, 2007). Multiple displacement
ampliﬁcation makes use of an isothermal ampliﬁcation tech-
nique using random hexamer primers and bacteriophage phi29
polymerase, generate large amounts of DNA, amplifying frag-
ment sizes longer than 10 kb, has a high level of proofreading,
and lower ampliﬁcation bias than other genome ampliﬁcation
methods (Lasken, 2009). The application of multiple displace-
ment ampliﬁcation can be coupled to microarray design for
analysis of environmental samples without a priori knowledge
of microbial diversity which is often needed for development
of the DNA microarrays. To demonstrate this method a digital
multiple-displacement-ampliﬁcation genome-probing array was
developed to monitor the dynamics of dichloromethane dechlo-
rinating communities from different phases of enrichment status
(Chang et al., 2008). Fifteen genomes from key microbes involved
in dichloromethane-dechlorinating enrichment were used as
microarray probes. The method allowed to monitor both culti-
vated strains and uncultivated microorganisms the genomes of
which were ampliﬁed by digital multiple displacement ampliﬁca-
tion from the dichloromethane-dechlorinating community in the
microcosm phases. Signiﬁcant changes related to dechlorination
and growth on dichloromethane were observed for some of the
genomes from uncultured microorganisms over the time course
of monitoring (Chang et al., 2008). Equippedwith such techniques
as pangenome and multiple-displacement-ampliﬁcation genome-
probing array it will be possible to get more in depth knowledge of
microorganismsnot yet represented in current rRNAgene libraries
and even allow for monitoring microbial populations.
In order to identify genes within dechlorinating communi-
ties that are transcriptionally active and critical for ecosystem
function in bioremediation, metagenomic microarrays can be
used whereby important genes may be detected by identifying
transcripts from arrayed short-insert libraries. Such metagenomic
microarrays have been used to screen for clones that contain spe-
ciﬁc genes among a large number of clones from metagenomes
libraries (Park et al., 2008; Jin et al., 2009). To study the ﬁnal
step in vinyl chloride dechlorination a shotgun metagenomic
microarray was constructed by generating two shotgun short-
insert metagenomic DNA libraries from genomic DNA from
the mixed culture KB-1 (Waller et al., 2012). The PCR products
were spotted on the microarray. This metagenome microarray
was used to compare levels of gene expression in the Dehalo-
coccoides containing microbial community KB-1 in the presence
and absence of the electron acceptor vinyl chloride. Results
showed that during vinyl chloride degradation Dehalococcoides
genes involved in transcription, translation, metabolic energy
generation, and amino acid and lipid metabolism and transport
were overrepresented in the transcripts compared to the aver-
age Dehalococcoides genome. Secondly, numerous hypothetical
genes from Dehalococcoides coding for uncharacterized proteins
had high transcripts level in the absence of vinyl chloride sug-
gesting a role in cell maintenance. Thirdly, it was found that
there is a Siphoviridae-like Dehalococcoides prophage that is acti-
vated in response to starvation conditions (Waller et al., 2012).
This paves way for further research to understand the role of
this and other prophages and their distribution in the environ-
ment, as well corresponding implications for bioremediation with
Dehalococcoides. Starvation and other stressful conditions (high
salt concentrations, heavy metals, low nutrient concentrations)
are common at contaminated sites and may cause activation
of Dehalococcoides prophages, thus allowing increased genetic
variation through phage-mediated gene transfer in and possibly
beyond Dehalococcoides. Lastly, the importance of understanding
whole community dynamics was shown from the high tran-
script levels observed for Spirochaetes, Chloroﬂexi, Geobacter, and
methanogens (Waller et al., 2012). This demonstrates yet again the
importance of non-Dehalococcoides organisms to this culture but
also other organohalide respirers. Although shotgun metagenome
microarrays are a challenging approach compared to many other
technologies that are being used to study gene expression in the
environment, it can be an effective high-throughput screening
tool for identiﬁcation of novel genes that could be interesting for
follow-up studies.
UNDERSTANDING GENETIC MOBILITY
Analysis of the Dehalococcoides prophages mentioned above
showed their association with reductive dehalogenase genes and
various othermobile genetic elements. Although there is no exper-
imental evidence yet, it was suggested that the tceA gene, for
example, maybe occasionally packaged with the prophage DNA
intomobile viral particles (Waller et al., 2012). This could verywell
be, as quantitative PCR analysis of reductive dehalogenases from
environmental samples has repeatedly indicated higher reduc-
tive dehalogenase gene counts as compared to 16S rRNA gene
counts above the expected 1:1 ratio based on the presence of sin-
gle copies of both functional and rRNA genes in Dehalococcoides
mccartyi strains (Maphosa et al., 2010a; van der Zaan et al., 2010).
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Prophages often constitute main sources of variation between
strains and often confer beneﬁcial environment-speciﬁc capacities
to the host strain through the genes that they contain (Can-
chaya et al., 2003). This indicates the importance of gene transfer
in the development and spread of catabolic pathways providing
microbial strains with versatile metabolic abilities.
Ecogenomics techniques have also enabled us to study horizon-
tal transfer of genes andprovide anunderstanding of the ecological
role in contributing to the diversiﬁcation of organohalide respir-
ing bacteria and in facilitating the rapid adaptation of microbial
communities to ecosystems contaminated with chlorinated com-
pounds (Maillard et al., 2005; Futagami et al., 2008; McMurdie
et al., 2009; Liang et al., 2012; see Liang et al., 2012 for a detailed
review of the role of horizontal gene transfer in the breakdown of
chlorinated compounds). Various reductive dehalogenase genes
have been found to be associated with transmissible elements,
such as transposases, resolvases, insertion sequences, integrases,
and recombinases (Regeard et al., 2005; Liang et al., 2012). For
example, Dehalococcoides genomes have a conserved core that is
interrupted by two high plasticity regions near the chromosomal
origin of replication (Regeard et al., 2005; McMurdie et al., 2009).
In these high plasticity regions, genomic islands and strain-speciﬁc
genes were identiﬁed as well as an elevated number of repeated
elements such as insertion sequences, including 91 of 96 rdhAB
genes (McMurdie et al., 2009). Additionally, the vinyl chloride
reductive dehalogenases (vcrA and bvcA) found in Dehalococcoides
appear to be horizontally acquired (McMurdie et al., 2009), have a
highly unusual, low percentage (G + C) codon bias, and both are
found within a low percentage (G + C) genomic island that inter-
rupts local gene synteny relative to other Dehalococcoides strains
(Krajmalnik-Brown et al., 2004; McMurdie et al., 2007). Further
structural comparison of Dehalococcoides genomic and metage-
nomic data combinedwith targeted sequencing fromunsequenced
vinyl chloride respiring enrichment cultures, resulted in the iden-
tiﬁcation of homologous mobile elements containing the vinyl
chloride reductase operon, vcrABC, that integrates at the single-
copy gene ssrA (McMurdie et al., 2011). Similar co-localization
of rdhAB genes with genomic islands and other signatures for
horizontal transfer, have been observed in Desulﬁtobacterium and
Dehalobacter genomes (Nonaka et al., 2006; Villemur et al., 2006;
Kim et al., 2010; Maphosa et al., 2012), suggesting that niche adap-
tation via organohalide respiration is a fundamental ecological
strategy in organohalide respiring bacteria.
The tetrachloroethene reductive dehalogenase operon pce-
ABCT in Desulﬁtobacterium and Dehalobacter genomes is ﬂanked
by a composite transposon structure which has insertion
sequences (IS) belonging to the IS256 family (Maillard et al., 2005).
In Desulﬁtobacterium hafniense strain TCE1, indirect indications
for circular insertion sequences and transposon intermediates have
been observed, suggesting that there is an active transposition
(Maillard et al., 2005). Furthermore, genetic rearrangements were
also observed to be occurring around the pce gene cluster in
Desulﬁtobacterium hafniense strain TCE1 in the absence of PCE.
This highlights the opportunistic nature of Desulﬁtobacterium
toward organohalide respiration with PCE, as this capability was
rapidly lost when not required (Duret et al., 2012). A similar phe-
nomenon of possible reductive dehalogenase gene loss was also
described for Sulfurospirillum multivorans after long term cultiva-
tion in the absence of chlorinated compounds (John et al., 2009).
It is suggested that the drastic elimination of pce genes or loss
of transcription indicates that Desulﬁtobacterium spp. have not
yet fully evolved towards a dedicated metabolism of organohalide
respiration and that Desulﬁtobacterium isolates harboring the pce
transposon could have acquired it by horizontal gene transfer
from obligate organohalide respiring bacteria such as Dehalobac-
ter (Duret et al., 2012). Horizontal gene transfer events may
therefore inﬂuence the physiology and signal responses involved
when a given microbial community is facing a contaminated
environment.
Geobacter lovleyi is a unique member of the Geobacteraceae
because strains of this species share the ability for organohalide
respiration. Comparative genome analysis of G. lovleyi identi-
ﬁed genetic elements associated with organohalide respiration
and elucidated genome features that distinguish G. lovleyi strain
SZ, for example, from other members of the Geobacteraceae
(Wagner et al., 2012). Strain SZ’s expanded respiratory capabil-
ities toward organohalides is due to gene acquisitions resulting
in the reductive dehalogenases being located on chromosomal
genomic islands but also through lateral acquisition of a plas-
mid replicon (Wagner et al., 2012). Systems biology approaches
combining functional genomics, metagenomics, transcriptomics,
and proteomics of organohalide respiring bacteria and com-
munities should be employed not only to reveal the detailed
mechanism of horizontal gene transfer but also to fully under-
stand how gene mobility impacts bioremediation processes at
large.
FUTURE PERSPECTIVES AND CONCLUSION
By using data from advanced molecular tools such as metage-
nomics, tag-pyrosequencing, transcriptomics, and proteomics it
now becomes possible to obtain a comprehensive time- and space-
resolved view of the subsurface microbial community structures
and functions. Equippedwith the newdata, complementary qPCR
analysis targeting speciﬁc key functional biomarkers can be bet-
ter designed for routine monitoring and site analysis (Lee et al.,
2012a). For example, Dehalococcoides and reductive dehaloge-
nases (pceA, tceA, bvcA, and vcrA) are now commonly used key
biomarkers for determining potential or activity at sites contami-
nated with chloroethenes. However, still more speciﬁc knowledge
is needed for better implementation and use of these biomarkers
and possibly identiﬁcation of better markers. For example, the
production of vinyl chloride by these enzymes (PceA and TceA)
maybe even more harmful than corrective so a more compre-
hensive knowledge of the enzymes present at a site is therefore
crucial to determining the extent and direction of the invention
in order to prevent worsening the situation. From the increas-
ing knowledge obtained thus far Dehalobacter spp. are now also
emerging as potential biomarkers for sites contaminated with
chloroethanes, and this will likely develop as more reductive
dehalogenases are identiﬁed and characterized from this phylum
(Scheutz et al., 2011).
From these transcriptomics and proteomic studies we now
beginning to understand that reductive dehalogenase gene expres-
sion may not always correlate with dechlorination activity and
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that up-regulation of reductive dehalogenases is actually a stress
response. Future studies are needed toovercomemisleading results
obtained from the analysis of Dehalococcoides transcripts which
may lead to erroneous conclusions for example at sites undergo-
ing thermal treatment (Fletcher et al., 2011) or in oxygen-stressed
environments (Amos et al., 2008). Challenges that still need to be
addressed to improve performance of microarray technology for
reliable routine analysis of ﬁeld samples include: (i) optimization
of coverage of probe sets to be better able to track genes in envi-
ronmental samples, (ii) concentrations of DNA and RNA needed
for the analysis, and (iii) standardization of hybridization pro-
tocols including data analysis and interpretation. Genomic and
proteomic databases need proper curation in order to allow for
consistent extrapolation of peptide data gained from proteomic
analysis.
Beyond genomes and proteomes another quickly developing
area is the study of metabolites – metabolomics. Metabolomics
seeks to detect amino acids, nucleosides, nucleotides, organic
acids, redox cofactors, and the metabolic intermediates of var-
ious cellular processes and tries to understand the dynamic
changes and ﬂuxes in (microbial) cells. Metabolomics will
allow us to assess gene function and relationships to phe-
notypes, understand metabolism and predict novel pathways,
assess effects of genetic and metabolic engineering, and gage
the effect of environment stress changes that lead to changes
in gene expression and metabolite levels (Burja et al., 2003;
Singh, 2006). Several studies have recently applied microbial
metabolome analysis to study biodegradation of anthropogenic
pollutants such as degradation of phenanthrene by Sinorhizo-
bium sp. C4 (Keum et al., 2008), co-metabolic pathways for
bioremediation of toxic metals, radionuclides, and organohalides
in Shewanella sp. (Tang et al., 2009a). These studies have
shown that metabolism is regulated at genomic, transcrip-
tional, and posttranslational levels, and that ﬂuxes of cellular
molecules/metabolites within a cell over a time period (ﬂuxomics)
are important in understanding ecosystem function (Wiechert
et al., 2007; Desai et al., 2010). Similar system-wide approaches
combining genomics and proteomics with metabolomics would
certainly improve our understanding and prediction of the activ-
ities of organohalide respiring bacteria at sites contaminated
with chloroethenes (Villas-Boas and Bruheim, 2007; Mapelli
et al., 2008). Metabolomics techniques provides a more holis-
tic approach by analyzing as many metabolites as possible,
enabling detailed analysis of substrates and degradation inter-
mediates as well as all intracellular metabolites (Villas-Boas
and Bruheim, 2007). This will give comprehensive descrip-
tions of microbial catabolic pathways greatly facilitating the
improvement of degradation processes via pathway-engineering
and the implementation of effective bioremediation strategies
in situ.
New techniques will be needed to allow for assessing the
viable versus non-viable microbial component at contaminated
sites. For example, building on protocols established in med-
ical and food microbiology to quantitatively distinguish viable
and non-viable (dead) cells by pretreating samples with ethidium
monoazide or propidium monoazide before DNA extraction and
qPCR analysis (Li and Wackett, 1992; Schanke and Wackett, 1992;
Wackett, 1992; Amos et al., 2008; Li et al., 2011). Similar pro-
tocols can be implemented in analysis of bioremediation sites
(Amos et al., 2008). As rapid developments of these tech-
niques continue, challenges have to be overcome concerning
biases observed on microarrays and limitations of sequence
databases.
High-throughput culturing techniques such as the MicroDish
Culture Chip platform (Ingham et al., 2007) coupled with the
ecogenomics toolbox will enable us to tap into and gain insight on
the yet unculturedmicrobial biodiversity involved in organohalide
respiration. In most molecular microbial ecological studies that
have been published in recent years cultivation of detected
abundant microorganisms is rarely considered. The function of
microorganisms in the environments is often deduced from the
physiological properties of the closest cultured relatives, but often
the predicted function is questionable at best. In such cases,
advanced functional (meta)genomics-based approaches can be
applied to study and predict the function of microorganisms
in environmental processes. Such approaches include cloning
and sequencing of rRNA genes and functional genes (Roest
et al., 2005; Ariesyady et al., 2007; Klocke et al., 2007; Sousa
et al., 2009; Pereyra et al., 2010); microautography combined
with ﬂuorescent in situ hybridization (FISH-MAR; Rossello-
Mora et al., 2003; Wagner et al., 2006), stable isotope probing
(SIP; Lueders et al., 2004; Hatamoto et al., 2007; Kovatcheva-
Datchary et al., 2009), and nano-secondary ion mass spectrometry
(Nano-SIMS; Behrens et al., 2008; Wagner, 2009). In addition,
meta-genomic approaches are used to unravel the structure
and function relationships in microbial communities (Schlüter
et al., 2008; Szczepanowski et al., 2008; Krober et al., 2009; Qin
et al., 2010; Zhou et al., 2010). These methods can be used
to detect the presence and activity of speciﬁc microorganisms
in the environment, however, detailed physiological and bio-
chemical studies are only possible when the microorganisms
have been cultured and isolated. Therefore, beyond the use
of ecogenomics techniques, research using novel isolation and
screening technologies followed by into-depth characterization
studies remains essential to obtain insight into the role of par-
ticular microorganisms in geochemical cycles and to explore their
potential for biotechnological purposes at sites contaminated with
organohalides.
With these ecogenomics tools scientists are in a better posi-
tion to answer questions such as how oxygen stress, nutrient
availability, or high contaminant concentrations along differing
geochemical gradients or at transitional interfaces impact the
organohalide respiring community structure and function. Ulti-
mately, by tracking the overall microbial community structure and
function in addition to key functional players, informed decisions
can then be made regarding how to best manipulate the ﬁeld con-
ditions to achieve effective bioremediation of, e.g., chlorinated
ethenes.
ACKNOWLEDGMENTS
Thisworkwas supportedby theEcoLincProject of theNetherlands
Genomics Initiative. Donna E. Fennell was supported in part by
a fellowship from the Wageningen Institute for Environment and
Climate Research (WIMEK).
Frontiers in Microbiology | Microbiotechnology, Ecotoxicology and Bioremediation October 2012 | Volume 3 | Article 351 | 10
“fmicb-03-00351” — 2012/9/29 — 19:08 — page 11 — #11
Maphosa et al. Ecogenomics in contaminated site bioremediation
REFERENCES
Adrian, L., Szewzyk, U., Wecke, J.,
and Gorisch, H. (2000). Bacterial
dehalorespiration with chlorinated
benzenes. Nature 408, 580–583.
Ahsanul Islam, M., Edwards, E. A.,
and Mahadevan, R. (2010). Charac-
terizing the metabolism of Dehalo-
coccoides with a constraint-based
model. PLoS Comput. Biol. 6. doi:
10.1371/journal.pcbi.1000887
Amos, B. K., Ritalahti, K. M., Cruz-
Garcia, C., Padilla-Crespo, E., and
Löfﬂer, F. E. (2008). Oxygen effect
on Dehalococcoides viability and
biomarker quantiﬁcation. Environ.
Sci. Technol. 42, 5718–5726.
Ariesyady, H. D., Ito, T., and Okabe,
S. (2007). Functional bacterial and
archaeal community structures of
major trophic groups in a full-scale
anaerobic sludge digester. Water Res.
41, 1554–1568.
Becker, J. G., Berardesco, G., Rittmann,
B. E., and Stahl, D.A. (2005). The role
of syntrophic associations in sustain-
ing anaerobic mineralization of chlo-
rinated organic compounds. Environ.
Health Perspect. 113, 310.
Behrens, S., Losekann, T., Pett-Ridge, J.,
Weber, P. K., Ng, W. O., Stevenson,
B. S., et al. (2008). Linking micro-
bial phylogeny to metabolic activ-
ity at the single-cell level by using
enhanced element labeling-catalyzed
reporter deposition ﬂuorescence in
situ hybridization (EL-FISH) and
NanoSIMS. Appl. Environ. Microbiol.
74, 3143–3150.
Bodrossy, L., and Sessitsch, A.
(2004). Oligonucleotide microarrays
in microbial diagnostics. Curr. Opin.
Microbiol. 7, 245–254.
Boesten, R. J., Schuren, F. H. J., and De
Vos, W. M. (2009). A Biﬁdobacterium
mixed-species microarray for high
resolution discrimination between
intestinal biﬁdobacteria. J. Microbiol.
Methods 76, 269–277.
Bowman, K. S., Moe, W. M.,
Rash, B. A., Bae, H. S., and
Rainey, F. A. (2006). Bacterial
diversity of an acidic Louisiana
groundwater contaminated by dense
nonaqueous-phase liquid containing
chloroethanes and other solvents.
FEMS Microbiol. Ecol. 58, 120–133.
Brisson, V. L., West, K. A., Lee,
P. K., Tringe, S. G., Brodie, E.
L., and Alvarez-Cohen, L. (2012).
Metagenomic analysis of a stable
trichloroethene-degrading microbial
community. ISME J. 1702–1714.
Burja, A. M., Dhamwichukorn, S., and
Wright, P. C. (2003). Cyanobacte-
rial postgenomic research and sys-
tems biology. Trends Biotechnol. 21,
504–511.
Canchaya, C., Proux, C., Fournous, G.,
Bruttin, A., and Brussow, H. (2003).
Prophage genomics. Microbiol. Mol.
Biol. Rev. 67, 238–276.
Chang, H.-W., Sung, Y., Kim, K.-H.,
Nam, Y.-D., Roh, S. W., Kim, M.
S., et al. (2008). Development of
microbial genome-probing microar-
rays using digital multiple displace-
ment ampliﬁcation of uncultivated
microbial single cells. Environ. Sci.
Technol. 42, 6058–6064.
Cheng, D., and He, J. (2009). Isola-
tion and characterization of Dehalo-
coccoides sp. strain MB, which
dechlorinates tetrachloroethene to
trans-1,2-dichloroethene. Appl. Env-
iron. Microbiol. 75, 5910–5918.
Conrad, M. E., Brodie, E. L., Radtke,
C. W., Bill, M., Delwiche, M. E., Lee,
M. H., et al. (2010). Field evidence
for co-metabolism of trichloroethene
stimulated by addition of electron
donor to groundwater. Environ. Sci.
Technol. 44, 4697–4704.
Cooke, F. J., Brown, D. J., Fookes,
M., Pickard, D., Ivens, A., Wain,
J., et al. (2008). Characterization
of the genomes of a diverse collec-
tion of Salmonella enterica Serovar
Typhimurium deﬁnitive phage type
104. J. Bacteriol. 190, 8155–8162.
Daprato, R. C., Löfﬂer, F. E., and
Hughes, J. B. (2007). Comparative
analysis of three tetrachloroethene to
ethene halorespiring consortia sug-
gests functional redundancy. Environ.
Sci. Technol. 41, 2261–2269.
Desai, C., Pathak, H., and Madamwar,
D. (2010). Advances in molecular
and “-omics” technologies to gauge
microbial communities andbioreme-
diation at xenobiotic/anthropogen
contaminated sites. Bioresour. Tech-
nol. 101, 1558–1569.
DeSantis, T., Brodie, E., Moberg, J.,
Zubieta, I., Piceno, Y., and Ander-
sen, G. (2007). High-density uni-
versal 16S rRNA microarray anal-
ysis reveals broader diversity than
typical clone library when sampling
the environment. Microb. Ecol. 53,
371–383.
Ding, C., and He, J. Z. (2012). Molecu-
lar techniques in the biotechnological
ﬁght against halogenated compounds
in anoxic environments. Microbiol.
Biotechnol. 5, 347–367.
Duhamel, M., and Edwards, E. A.
(2006). Microbial composition of
chlorinated ethene-degrading cul-
tures dominated by Dehalococcoides.
FEMS Microbiol. Ecol. 58, 538.
Duret, A., Holliger, C., and Mail-
lard, J. (2012). The physiological
opportunism of Desulﬁtobacterium
hafniense strain TCE1 towards
organohalide respiration with
tetrachloroethene. Appl. Environ.
Microbiol. 78, 6121–6127.
Fennell, D. E., Du, S., Liu, H.,
Liu, F., and Häggblom, M.
M. (2011). “Dehalogenation of
polychlorinated dibenzo-p-dioxins
and dibenzofurans, polychlori-
nated biphenyls and brominated
ﬂame retardants and potential as a
bioremediation strategy,” in Compre-
hensive Biotechnology, 2nd Edn., eds
M. Moo-Young, M. Butler, C. Webb,
A. Moreira, B. Grodzinski, Z. F. Cui,
and S. Agathos (Oxford: Pergamon
Press), 136–149.
Fennell, D. E., and Gossett, J. M.
(1998). Modeling the production of
and competition for hydrogen in a
dechlorinating culture. Environ. Sci.
Technol. 32, 2450.
Fletcher, K. E., Costanza, J., Cruz-
Garcia, C., Ramaswamy, N. S.,
Pennell, K. D., and Lofﬂer, F. E.
(2011). Effects of elevated tempera-
ture on Dehalococcoides dechlorina-
tion performance and DNA and RNA
biomarker abundance. Environ. Sci.
Technol. 45, 712–718.
Freeborn, R. A., West, K. A., Bhu-
pathiraju, V. K., Chauhan, S., Rahm,
B. G., Richardon, R. E., et al.
(2005). Phylogenetic analysis of TCE-
dechlorinating consortia enriched on
a variety of electron donors. Environ.
Sci. Technol. 39, 8358.
Fung, J. M., Morris, R. M., Adrian,
L., and Zinder, S. H. (2007).
Expression of reductive dehalogenase
genes in Dehalococcoides etheno-
genes strain 195 growing on tetra-
chloroethene, trichloroethene, or
2,3-dichlorophenol. Appl. Environ.
Microbiol. 73, 4439–4445.
Futagami, T., Goto, M., and Furukawa,
K. (2008). Biochemical and genetic
bases of dehalorespiration. Chem.
Rec. 8, 1–12.
Futagami, T., Okamoto, F., Hashimoto,
H., Fukuzawa, K., Nazir, K. H.
M. N. H., Wada, E., et al. (2011).
Enrichment and characterization
of a trichloroethene-dechlorinating
consortium containing multiple
“Dehalococcoides” strains. Biosci.
Biotechnol. Biochem. 75, 1268–
1274.
Futamata, H., Yoshida, N., Kurogi,
T., Kaiya, S., and Hiraishi, A.
(2007). Reductive dechlorination
of chloroethenes by Dehalococ-
coides-containing cultures enriched
from a polychlorinated-dioxin-
contaminated microcosm. ISME J. 1,
471–479.
Gill, S. R., Pop, M., Deboy, R. T.,
Eckburg, P. B., Turnbaugh, P. J.,
Samuel, B. S., et al. (2006). Metage-
nomic analysis of the human distal
gut microbiome. Science 312, 1355–
1359.
Gribble, G. W. (2003). The diversity of
naturally produced organohalogens.
Chemosphere 52, 289–297.
Grostern, A., Duhamel, M.,
Dworatzek, S., and Edwards, E.
A. (2009). Chloroform respiration to
dichloromethane by a Dehalobacter
population. Environ. Microbiol. 12,
1053–1060.
Grostern, A., and Edwards, E.
A. (2009). Characterization of a
Dehalobacter coculture that dechlo-
rinates 1,2-dichloroethane to ethene
and identiﬁcation of the putative
reductive dehalogenase gene. Appl.
Environ. Microbiol. 75, 2684–2693.
Guazzaroni, M. E., Golyshin, P. N., and
Ferrer, M. (2010). Analysis of Com-
plex Microbial Community Through
Metagenomic Survey. Norfolk: Caister
Academic Press.
Handelsman, J. (2004). Metagenomics:
application of genomics to uncul-
tured microorganisms. Microbiol.
Mol. Biol. Rev. 68, 669–685.
Hatamoto, M., Imachi, H., Yashiro, Y.,
Ohashi, A., and Harada, H. (2007).
Diversity of anaerobic microorgan-
isms involved in long-chain fatty acid
degradation in methanogenic sludges
as revealed by RNA-based stable iso-
tope probing. Appl. Environ. Micro-
biol. 73, 4119–4127.
He, Z., Van Nostrand, J. D., Deng,
Y., and Zhou, J. (2011). Develop-
ment and applications of functional
gene microarrays in the analysis of
the functional diversity, composition,
and structure of microbial communi-
ties. Front. Environ. Sci. Eng. China 5,
1–20.
He, Z. L., Deng, Y., Van Nostrand, J.
D., Tu, Q. C., Xu, M. Y., Hemme,
C. L., et al. (2010). GeoChip 3.0
as a high-throughput tool for ana-
lyzing microbial community com-
position, structure and functional
activity. ISME J. 4, 1167–1179.
He, Z. L., Gentry, T. J., Schadt, C.
W., Wu, L. Y., Liebich, J., Chong, S.
C., et al. (2007). GeoChip: a com-
prehensive microarray for investigat-
ing biogeochemical, ecological and
environmental processes. ISME J. 1,
67–77.
Heimann, A. C., Batstone, D. J., and
Jakobsen, R. (2006). Methanosarcina
spp. drive vinyl chloride dechlorina-
tion via interspecies hydrogen trans-
fer. Appl. Environ. Microbiol. 72,
2942–2949.
Hiraishi, A. (2008). Biodiversity
of dehalorespiring bacteria with
special emphasis on polychlori-
nated biphenyl/dioxin dechlorina-
tors. Microbes Environ. 23, 1–12.
www.frontiersin.org October 2012 | Volume 3 | Article 351 | 11
“fmicb-03-00351” — 2012/9/29 — 19:08 — page 12 — #12
Maphosa et al. Ecogenomics in contaminated site bioremediation
Holmes, V. F., He, J. Z., Lee, P. K.
H., and Alvarez-Cohen, L. (2006).
Discrimination of multiple Dehalo-
coccoides strains in a trichloroethene
enrichment by quantiﬁcation of their
reductive dehalogenase genes. Appl.
Environ. Microbiol. 72, 5877.
Hug, L. A., Salehi, M., Nuin, P.,
Tillier, E. R., and Edwards, E. A.
(2011). Design and veriﬁcation of
a pangenome microarray oligonu-
cleotide probe set for Dehalococcoides
spp. Appl. Environ. Microbiol. 77,
5361–5369.
Ingham, C. J., Sprenkels, A., Bomer, J.,
Molenaar,D.,VanDenBerg,A.,Vlieg,
J. E. T. V., et al. (2007). The micro-
Petri dish, a million-well growth chip
for the culture and high-throughput
screening of microorganisms. Proc.
Natl. Acad. Sci. U.S.A. 104, 18217–
18222.
Jin, M., Zhao, Z., Wang, J., Shen, Z.,
Chen, Z., Qiu, Z., et al. (2009). DNA
extraction from activated sludge for
metagenomic array. Chin. J. Appl.
Environ. Biol. 15, 245.
John, M., Rubick, R., Schmitz, R. P.
H., Rakoczy, J., Schubert, T., and
Diekert, G. (2009). Retentive mem-
ory of bacteria: long-term regulation
of dehalorespiration in Sulfurospir-
illum multivorans. J. Bacteriol. 191,
1650–1655.
Johnson, D. R., Brodie, E. L., Hub-
bard, A. E., Andersen, G. L., Zinder,
S. H., and Alvarez-Cohen, L. (2008).
Temporal transcriptomic microarray
analysis of Dehalococcoides etheno-
genes strain 195 during the transition
into stationary phase. Appl. Environ.
Microbiol. 74, 2864–2872.
Johnson, D. R., Nemir, A., Andersen, G.
L., Zinder, S. H., and Alvarez-Cohen,
L. (2009). Transcriptomic microar-
ray analysis of corrinoid responsive
genes in Dehalococcoides ethenogenes
strain 195. FEMS Microbiol. Lett. 294,
198–206.
Keum, Y. S., Seo, J. S., Li, Q. X.,
and Kim, J. H. (2008). Comparative
metabolomic analysis of Sinorhizo-
bium sp. C4 during the degradation
of phenanthrene. Appl. Microbiol.
Biotechnol. 80, 863–872.
Kim, B. H., Baek, K. H., Cho, D. H.,
Sung, Y., Koh, S. C., Ahn, C. Y., et al.
(2010). Complete reductive dechlori-
nation of tetrachloroethene to ethene
by anaerobic microbial enrichment
culture developed from sediment.
Biotechnol. Lett. 32, 1829–1835.
Kim, S. H., Harzman, C., Davis,
J. K., Hutcheson, R., Broder-
ick, J. B., Marsh, T. L., et al.
(2012). Genome sequence of Desul-
ﬁtobacterium hafniense DCB-2, a
Gram-positive anaerobe capable of
dehalogenation and metal reduc-
tion. BMC Microbiol. 12. doi:
10.1186/1471-2180-12-21
Klaassens, E. S., Boesten, R. J.,Haarman,
M., Knol, J., Schuren, F. H., Vaughan,
E. E., et al. (2009). Mixed-species
genomic microarray analysis of fecal
samples reveals differential transcrip-
tional responses of Biﬁdobacteria in
breast- and formula-fed infants.Appl.
Environ. Microbiol. 75, 2668–2676.
Klocke, M., Mahnert, P., Mundt,
K., Souidi, K., and Linke, B.
(2007). Microbial community analy-
sis of a biogas-producing completely
stirred tank reactor fed continuously
with fodder beet silage as mono-
substrate. Syst. Appl. Microbiol. 30,
139–151.
Kovatcheva-Datchary, P., Egert, M.,
Maathuis, A., Rajilic-Stojanovic, M.,
De Graaf, A. A., Smidt, H., et al.
(2009). Linking phylogenetic identi-
ties of bacteria to starch fermentation
in an in vitro model of the large
intestine by RNA-based stable iso-
tope probing. Environ. Microbiol. 11,
914–926.
Krajmalnik-Brown, R., Hölscher, T.,
Thomson, I.N., Saunders, F.M., Rita-
lahti, K. M., and Löfﬂer, F. E. (2004).
Genetic identiﬁcation of a putative
vinyl chloride reductase inDehalococ-
coides sp. strain BAV1. Appl. Environ.
Microbiol. 70, 6347.
Krober, M., Bekel, T., Diaz, N. N.,
Goesmann, A., Jaenicke, S., Krause,
L., et al. (2009). Phylogenetic char-
acterization of a biogas plant micro-
bial community integrating clone
library 16S-rDNA sequences and
metagenome sequence data obtained
by 454-pyrosequencing. J. Biotechnol.
142, 38–49.
Lasken, R. S. (2007). Single-cell
genomic sequencing using multi-
ple displacement ampliﬁcation. Curr.
Opin. Microbiol. 10, 510–516.
Lasken, R. S. (2009). Genomic
DNA ampliﬁcation by the multiple
displacement ampliﬁcation (MDA)
method. Biochem. Soc. Trans. 37,
450–453.
Lee, J., Lee, T. K., Löfﬂer, F.
E., and Park, J. (2011). Charac-
terization of microbial community
structure and population dynamics
of tetrachloroethene-dechlorinating
tidalmudﬂat communities. Biodegra-
dation 22, 687–698.
Lee, P. K., Dill, B. D., Louie, T.
S., Shah, M., Verberkmoes, N.
C., Andersen, G. L., et al. (2012a).
Global transcriptomic and proteomic
responses of Dehalococcoides etheno-
genes strain 195 to ﬁxed nitrogen lim-
itation. Appl. Environ. Microbiol. 78,
1424–1436.
Lee, P. K. H., Warnecke, F., Brodie,
E. L., Macbeth, T. W., Conrad, M.
E., Andersen, G. L., et al. (2012b).
Phylogenetic microarray analysis of
a microbial community performing
reductive dechlorination at a TCE-
contaminated site. Environ. Sci. Tech-
nol. 46, 1044–1054.
Lee, P. K. H., Johnson, D. R., Holmes,
V. F., He, J., and Alvarez-Cohen, L.
(2006). Reductive dehalogenase gene
expression as a biomarker for phys-
iological activity of Dehalococcoides
spp. Appl. Environ. Microbiol. 72,
6161–6168.
Leigh, M. B., Pellizari, V. H., Uhlík, O.,
Sutka, R., Rodrigues, J., Ostrom, N.
E., et al. (2007). Biphenyl-utilizing
bacteria and their functional genes in
a pine root zone contaminated with
polychlorinated biphenyls (PCBs).
ISME J. 1, 134–148.
Li, J., Hu, M., Du, J., Wang, Z.,
and Zhang, Y. (2011). “Cultivation
and acclimation of anaerobic granule
sludge for trichloroethylene(TCE)
degradation,” in 5th International
Conference on Bioinformatics and
Biomedical Engineering, iCBBE 2011,
Wuhan.
Li, S. Y., and Wackett, L. P.
(1992). Trichloroethylene oxidation
by toluene dioxygenase. Biochem.
Biophys. Res. Commun. 185, 443–451.
Liang, B., Jiang, J. D., Zhang, J., Zhao,
Y. F., and Li, S. P. (2012). Hori-
zontal transfer of dehalogenase genes
involved in the catalysis of chlori-
nated compounds: evidence and eco-
logical role. Crit. Rev. Microbiol. 38,
95–110.
Löfﬂer, F. E., and Edwards, E. A. (2006).
Harnessing microbial activities for
environmental cleanup. Curr. Opin.
Biotechnol. 17, 274–284.
Löfﬂer, F. E., Tiedje, J. M., and San-
ford, R. A. (1999). Fraction of elec-
trons consumed in electron acceptor
reduction andhydrogen thresholds as
indicators of halorespiratory physi-
ology. Appl. Environ. Microbiol. 65,
4049.
Lofﬂer, F. E., Yan, J., Ritalahti, K.
M., Adrian, L., Edwards, E. A.,
Konstantinidis, K. T., et al. (2012).
Dehalococcoides mccartyi gen. nov.,
sp. nov., obligate organohalide-
respiring anaerobic bacteria, relevant
to halogen cycling and bioreme-
diation, belong to a novel bacte-
rial class, Dehalococcoidetes classis
nov., within the phylum Chloroﬂexi.
Int. J. Syst. Evol. Microbiol. doi:
10.1099/ijs.0.034926-0 [Epub ahead
of print].
Lueders, T., Pommerenke, B., and
Friedrich, M. W. (2004). Stable-
isotope probing of microorganisms
thriving at thermodynamic limits:
syntrophic propionate oxidation in
ﬂooded soil.Appl. Environ. Microbiol.
70, 5778–5786.
Magnuson, J. K., Romine, M. F., Bur-
ris, D. R., and Kingsley, M. T. (2000).
Trichloroethene reductive dehaloge-
nase from Dehalococcoides etheno-
genes: sequence of tceA and substrate
range characterization. Appl. Envi-
ron. Microbiol. 66, 5141–5147.
Magnuson, J. K., Stern, R. V., Gossett, J.
M., Zinder, S. H., and Burris, D. R.
(1998). Reductive dehalogenation of
tetrachloroethene to ethene by a two-
component enzyme pathway. Appl.
Environ. Microbiol. 64, 1270.
Maillard, J., Regeard, C., and Holliger,
C. (2005). Isolation and charac-
terization of Tn-Dha1, a transpo-
son containing the tetrachloroethene
reductive dehalogenase of Desulﬁ-
tobacterium hafniense strain TCE1.
Environ. Microbiol. 7, 107–117.
Mapelli, V., Olsson, L., and Nielsen,
J. (2008). Metabolic footprinting in
microbiology: methods and appli-
cations in functional genomics and
biotechnology. Trends Biotechnol. 26,
490–497.
Maphosa, F., Smidt, H., De Vos, W.
M., and Roling, W. F. M. (2010a).
Microbial community- and metabo-
lite dynamics of an anoxic dechlo-
rinating bioreactor. Environ. Sci.
Technol. 44, 4884–4890.
Maphosa, F., Vos, W. M. D., and
Smidt, H. (2010b). Exploiting the
ecogenomics toolbox for environ-
mental diagnostics of organohalide-
respiring bacteria. Trends Biotechnol.
28, 308–316.
Maphosa, F., Van Passel, M. W. J.,
De Vos, W. M., and Smidt, H.
(2012). Metagenome analysis reveals
yet unexplored reductive dechlo-
rinating potential of Dehalobacter
sp. E1 growing in coculture with
Sedimentibacter sp. Environ. Micro-
biol. Rep. doi: 10.1111/j.1758-
2229.2012.00376.x [Epub ahead of
print].
McMurdie, P. J., Behrens, S. F., Holmes,
S., and Spormann, A. M. (2007).
Unusual codon bias in vinyl chloride
reductase genes of Dehalococcoides
species. Appl. Environ. Microbiol. 73,
2744–2747.
McMurdie, P. J., Behrens, S. F., Müller, J.
A., Göke, J., Ritalahti, K. M., Wagner,
R., et al. (2009). Localized plastic-
ity in the streamlined genomes of
vinyl chloride respiring Dehalococ-
coides. PLoS Genet. 5, e1000714. doi:
10.1371/journal.pgen.1000714
McMurdie, P. J., Hug, L. A., Edwards,
E. A., Holmes, S., and Spormann, A.
M. (2011). Site-speciﬁc mobilization
Frontiers in Microbiology | Microbiotechnology, Ecotoxicology and Bioremediation October 2012 | Volume 3 | Article 351 | 12
“fmicb-03-00351” — 2012/9/29 — 19:08 — page 13 — #13
Maphosa et al. Ecogenomics in contaminated site bioremediation
of vinyl chloride respiration islands
by a mechanism common in Dehalo-
coccoides. BMC Genomics 12. doi:
10.1186/1471-2164-12-287
Men, Y. J., Feil, H., Verberkmoes, N.
C., Shah, M. B., Johnson, D. R., Lee,
P. K. H., et al. (2012). Sustainable
syntrophic growth of Dehalococcoides
ethenogenes strain 195 with Desul-
fovibrio vulgaris Hildenborough and
Methanobacterium congolense: global
transcriptomic and proteomic analy-
ses. ISME J. 6, 410–421.
Morris, R. M., Fung, J. M., Rahm, B.
G., Zhang, S., Freedman, D. L., Zin-
der, S. H., et al. (2007). Comparative
proteomics of Dehalococcoides spp.
reveals strain-speciﬁc peptides asso-
ciated with activity. Appl. Environ.
Microbiol. 73, 320–326.
Morris, R. M., Sowell, S., Barof-
sky, D., Zinder, S., and Richardson,
R. (2006). Transcription and mass-
spectroscopic proteomic studies of
electron transport oxidoreductases in
Dehalococcoides ethenogenes. Environ.
Microbiol. 8, 1499–1509.
Müller, J. A., Rosner, B. M., Von Aben-
droth, G., Meshulam-Simon, G.,
McCarty, P. L., and Spormann, A.
M. (2004). Molecular identiﬁcation
of the catabolic vinyl chloride reduc-
tase from Dehalococcoides sp. strain
VS and its environmental distribu-
tion. Appl. Environ. Microbiol. 70,
4880 –4888.
Nelson, J. L., Fung, J. M., Cadillo-
Quiroz, H., Cheng, X., and Zinder,
S. H. (2011). A role for Dehalobac-
ter spp. in the reductive dehalo-
genation of dichlorobenzenes and
monochlorobenzene. Environ. Sci.
Technol. 45, 6806–6813.
Nonaka, H., Keresztes, G., Shinoda,
Y., Ikenaga, Y., Abe, M., Naito,
K., et al. (2006). Complete genome
sequence of the dehalorespiring bac-
terium Desulﬁtobacterium hafniense
Y51 and comparison with Dehalococ-
coides ethenogenes 195. J. Bacteriol.
188, 2262–2274.
Park, S.-J., Kang, C.-H., Chae, J.-C.,
and Rhee, S.-K. (2008). Metagenome
microarray for screening of fos-
mid clones containing speciﬁc genes.
FEMS Microbiol. Lett. 284, 28–34.
Peng, X., Yamamoto, S., Vertès, A. A.,
Keresztes, G., Inatomi, K. I., Inui, M.,
et al. (2012). Global transcriptome
analysis of the tetrachloroethene-
dechlorinating bacterium Desulﬁ-
tobacterium hafniense Y51 in the
presence of various electron donors
and terminal electron acceptors.
J. Ind. Microbiol. Biotechnol. 39,
255–268.
Pereyra, L. P.,Hiibel, S. R., Riquelme,M.
V. P., Reardon, K. F., and Pruden, A.
(2010). Detection and quantiﬁcation
of functional genes of cellulose-
degrading, fermentative, and sulfate-
reducing bacteria and methanogenic
archaea. Appl. Environ. Microbiol. 76,
2192–2202.
Poly, F., Threadgill, D., and Stintzi,
A. (2004). Identiﬁcation of Campy-
lobacter jejuni ATCC 43431-speciﬁc
genes by whole microbial genome
comparisons. J. Bacteriol. 186, 4781–
4795.
Qin, J., Li, R., Raes, J., Arumugam,
M., Burgdorf, K. S., Manichanh,
C., et al. (2010). A human gut
microbial gene catalogue established
by metagenomic sequencing. Nature
464, 59–65.
Raghunathan, A., Ferguson, H. R.,
Bornarth, C. J., Song, W. M.,
Driscoll,M., and Lasken, R. S. (2005).
Genomic DNA ampliﬁcation from
a single bacterium. Appl. Environ.
Microbiol. 71, 3342–3347.
Regeard, C., Maillard, J., Dufraigne,
C., Deschavanne, P., and Holliger,
C. (2005). Indications for acquisi-
tion of reductive dehalogenase genes
through horizontal gene transfer by
Dehalococcoides ethenogenes strain
195. Appl. Environ. Microbiol. 71,
2955 –2961.
Richardson, R. E., Bhupathiraju, V.
K., Song, D. L., Goulet, T. A.,
and Alvarez-Cohen, L. (2002). Phy-
logenetic characterization of micro-
bial communities that reductively
dechlorinate TCE based upon a com-
bination of molecular techniques.
Environ. Sci. Technol. 36, 2652.
Roest, K., Heilig, H. G. H. J., Smidt,
H., De Vos, W. M., Stams, A. J.
M., and Akkermans, A. D. L. (2005).
Community analysis of a full-scale
anaerobic bioreactor treating paper
mill wastewater. Syst. Appl. Microbiol.
28, 175–185.
Rossello-Mora, R., Lee, N., Anton,
J., and Wagner, M. (2003). Sub-
strate uptake in extremely halophilic
microbial communities revealed
by microautoradiography and ﬂu-
orescence in situ hybridization.
Extremophiles 7, 409–413.
Sanapareddy, N., Hamp, T. J., Gon-
zalez, L. C., Hilger, H. A.,
Fodor, A. A., and Clinton, S. M.
(2009). Molecular diversity of a
North Carolina wastewater treatment
plant as revealed by pyrosequenc-
ing. Appl. Environ. Microbiol. 75,
1688–1696.
Schanke, C. A., and Wackett, L.
P. (1992). Environmental reduc-
tive elimination-reactions of poly-
chlorinated ethanes mimicked by
transition-metal coenzymes. Envi-
ron. Sci. Technol. 26, 830–833.
Scheutz, C., Durant, N. D., Hansen, M.
H., and Bjerg, P. L. (2011). Natu-
ral and enhanced anaerobic degrada-
tion of 1,1,1-trichloroethane and its
degradation products in the subsur-
face – a critical review. Water Res. 45,
2701–2723.
Schlüter, A., Bekel, T., Diaz, N. N., Don-
drup,M., Eichenlaub, R., Gartemann,
K.-H., et al. (2008). The metagenome
of a biogas-producing microbial
community of a production-scale
biogas plant fermenter analysed by
the 454-pyrosequencing technology.
J. Biotechnol. 136, 77–90.
Shokralla, S., Spall, J. L., Gibson, J.
F., and Hajibabaei, M. (2012). Next-
generation sequencing technologies
for environmental DNA research.
Mol. Ecol. 21, 1794–1805.
Singh, O. V. (2006). Proteomics
and metabolomics: the molecular
make-up of toxic aromatic pollu-
tant bioremediation. Proteomics 6,
5481–5492.
Smidt, H., and de Vos, W. M. (2004).
Anaerobic microbial dehalogenation.
Annu. Rev. Microbiol. 58, 43–73.
Sousa, D. Z., Smidt, H., Alves, M. M.,
and Stams, A. J. M. (2009). Ecophysi-
ologyof syntrophic communities that
degrade saturated and unsaturated
long-chain fatty acids. FEMS Micro-
biol. Ecol. 68, 257–272.
Stringer, R., and Johnston, P. (2001).
Chlorine and the Environment: An
Overview of the Chlorine Industry.
Dordrecht: Kluwer Academic Pub-
lishers.
Szczepanowski, R., Bekel, T., Goes-
mann, A., Krause, L., Kromeke,
H., Kaiser, O., et al. (2008). Insight
into the plasmid metagenome of
wastewater treatment plant bacte-
ria showing reduced susceptibility to
antimicrobial drugs analysed by the
454-pyrosequencing technology. J.
Biotechnol. 136, 54–64.
Tang, Y. J., Martin, H. G., Dehal, P. S.,
Deutschbauer, A., Llora, X., Mead-
ows, A., et al. (2009a). Metabolic ﬂux
analysis of Shewanella spp. reveals
evolutionary robustness in central
carbon metabolism. Biotechnol. Bio-
eng. 102, 1161–1169.
Tang, Y. J. J., Yi, S., Zhuang, W.
Q., Zinder, S. H., Keasling, J.
D., and Alvarez-Cohen, L. (2009b).
Investigation of carbon metabolism
in Dehalococcoides ethenogenes strain
195 by use of isotopomer and tran-
scriptomic analyses. J. Bacteriol. 191,
5224–5231.
Tas¸, N. (2009). Dehalococcoides spp. in
River Sediments: Insights in Functional
Diversity and Dechlorination Activity.
Ph.D. thesis, Wageningen University,
Wageningen, 135 p.
Tas, N., Van Eekert, M. H. A., Schraa,
G., Zhou, J., De Vos, W. M., and
Smidt, H. (2009). Tracking func-
tional guilds: Dehalococcoides spp. in
European river basins contaminated
with hexachlorobenzene. Appl.
Environ. Microbiol. 75, 4696–
4704.
Tyson, G. W., Chapman, J., Hugenholtz,
P., Allen, E. E., Ram, R. J., Richard-
son, P. M., et al. (2004). Community
structure and metabolism through
reconstruction of microbial genomes
from the environment. Nature 428,
37–43.
van der Zaan, B., Hannes, F., Hoek-
stra, N., Rijnaarts, H., De Vos, W.
M., Smidt, H., et al. (2010). Correla-
tionofDehalococcoides 16S rRNAand
chloroethene-reductive dehalogenase
genes with geochemical conditions in
chloroethene-contaminated ground-
water. Appl. Environ. Microbiol. 76,
843–850.
van Doesburg, W., Van Eekert, M.
H., Middeldorp, P. J., Balk, M.,
Schraa, G., and Stams, A. J. (2005).
Reductive dechlorination of beta-
hexachlorocyclohexane (β-HCH) by
a Dehalobacter species in coculture
with a Sedimentibacter sp. FEMS
Microbiol. Ecol. 54, 87–95.
van Eekert, M. H., and Schraa, G.
(2001). The potential of anaero-
bic bacteria to degrade chlorinated
compounds. Water Sci. Technol. 44,
49–56.
van Pee, K. H., Dong, C. J., Flecks,
S., Naismith, J., Patallo, E. P., and
Wage, T. (2006). Biological halogena-
tion has moved far beyond haloper-
oxidases. Adv. Appl. Microbiol. 59,
127–157.
Villas-Boas, S. G., and Bruheim, P.
(2007). The potential of metabo-
lomics tools in Bioremediation stud-
ies. OMICS 11, 305–313.
Villemur, R., Lanthier, M., Beaudet, R.,
and Lépine, F. (2006). The Desulﬁ-
tobacterium genus. FEMS Microbiol.
Rev. 30, 706–733.
Wackett, L. P. (1992). Reductive
dehalogenation by transition-metal
enzymes and coenzymes. Abstr. Pap.
Am. Chem. Soc. 203, 79-Envr.
Wagner, D. D., Hug, L. A., Hatt,
J. K., Spitzmiller, M. A., Padilla-
Crespo, E., Ritalahti, K. M., et al.
(2012). Genomic determinants of
organohalide-respiration in Geobac-
ter lovleyi, an unusual member of
the Geobacteraceae. BMC Genomics
13, 200. doi: 10.1186/1471-2164-
13-200
Wagner, M. (2009). Single-cell eco-
physiology of microbes as revealed
by Raman microspectroscopy or
secondary ion mass spectrometry
www.frontiersin.org October 2012 | Volume 3 | Article 351 | 13
“fmicb-03-00351” — 2012/9/29 — 19:08 — page 14 — #14
Maphosa et al. Ecogenomics in contaminated site bioremediation
imaging. Annu. Rev. Microbiol. 63,
411–429.
Wagner, M., Nielsen, P. H., Loy, A.,
Nielsen, J. L., and Daims, H. (2006).
Linking microbial community struc-
ture with function: ﬂuorescence
in situ hybridization-microauto-
radiography and isotope arrays.
Curr. Opin. Biotechnol. 17, 83–91.
Waller, A. S., Hug, L. A., Mo, K., Rad-
ford, D. R., Maxwell, K. L., and
Edwards, E. A. (2012). Transcriptio-
nal analysis of a Dehalococcoides-
containing microbial consortium
reveals prophage activation. Appl.
Environ. Microbiol. 78, 1178–1186.
Warnecke, F., Luginbuhl, P., Ivanova,
N., Ghassemian, M., Richardson,
T. H., Stege, J. T., et al. (2007).
Metagenomic and functional analysis
of hindgut microbiota of a wood-
feeding higher termite. Nature 450,
560–565.
West, K. A., Johnson, D. R., Hu, P.,
Desantis, T. Z., Brodie, E. L., Lee,
P. K. H., et al. (2008). Comparative
genomics of Dehalococcoides etheno-
genes 195 and an enrichment
culture containing unsequenced
Dehalococcoides strains. Appl.
Environ. Microbiol. 74, 3533–3540.
Wiechert, W., Schweissgut, O.,
Takanaga, H., and Frommer, W. B.
(2007). Fluxomics: mass spectrome-
try versus quantitative imaging. Curr.
Opin. Plant Biol. 10, 323–330.
Witney, A. A., Marsden, M., Holden,
T. G., Stabler, R. A., Husain, S. E.,
Vass, J. K., et al. (2005). Design, val-
idation, and application of a seven-
strain Staphylococcus aureus PCR
product microarray for comparative
genomics. Appl. Environ. Microbiol.
71, 7504–7514.
Wohlfarth, G., and Diekert, G.
(1997). Anaerobic dehalogenases.
Curr. Opin. Biotechnol. 8, 290–295.
Yang, Y., and McCarty, P. L. (1998).
Competition for hydrogen within a
chlorinated solvent dehalogenating
anaerobic mixed culture. Environ.
Sci. Technol. 32, 3591.
Yoshida, N., Ye, L., Baba, D., and
Katayama,A. (2009). A novelDehalo-
bacter species is involved in exten-
sive 4,5,6,7-tetrachlorophthalide
dechlorination. Appl. Environ.
Microbiol. 75, 2400–2405.
Zhang, H. S., Ziv-El, M., Rittmann,
B. E., and Krajmalnik-Brown, R.
(2010). Effect of dechlorination and
sulfate reduction on the microbial
community structure in denitrifying
membrane-bioﬁlm reactors. Environ.
Sci. Technol. 44, 5159–5164.
Zhang, Z., Zhao, X., Liang, Y., Li,
G., and Zhou, J. (2012). Micro-
bial functional genes reveal selec-
tion of microbial community by
PAHs in polluted soils. Environ.
Chem. Lett. doi: 10.1007/s10311-012-
0370-6 [Epub ahead of print].
Zhou, J., He, Z., Van Nostrand, J. D.,
Wu, L., and Deng, Y. (2010). Apply-
ing GeoChip analysis to disparate
microbial communities. Microbe 5,
60–65.
Zhou, J. H. (2003). Microarrays for
bacterial detection and microbial
community analysis. Curr. Opin.
Microbiol. 6, 288–294.
Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or ﬁnancial relationships that
could be construed as a potential con-
ﬂict of interest.
Received: 30 July 2012; accepted: 12
September 2012; published online: 02
October 2012.
Citation:Maphosa F, Lieten SH,Dinkla I,
StamsAJ, SmidtHandFennellDE (2012)
Ecogenomics of microbial communities in
bioremediation of chlorinated contami-
nated sites. Front. Microbio. 3:351. doi:
10.3389/fmicb.2012.00351
This article was submitted to Frontiers
inMicrobiotechnology, Ecotoxicology and
Bioremediation, a specialty of Frontiers in
Microbiology.
Copyright © 2012 Maphosa, Lieten, Din-
kla, Stams, Smidt and Fennell. This is
an open-access article distributed under
the terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in other
forums, provided the original authors and
source are credited and subject to any
copyright notices concerning any third-
party graphics etc.
Frontiers in Microbiology | Microbiotechnology, Ecotoxicology and Bioremediation October 2012 | Volume 3 | Article 351 | 14
